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Egyptian Meteorological
Authority (EMA)Abstract A set of 1092 radio soundings was performed at the Egyptian stations in the south of
Egypt, near the Mediterranean Sea, and near the Red Sea in 2005. These measurements are mean
monthly data that were used to determine the mean vertical proﬁles of water vapor pressure and its
effect on GPS signal propagation (wet tropospheric delay) in the troposphere and lower strato-
sphere. Temperature data were corrected for errors due to radiation, heat exchange processes,
and for the lag errors of the sensor. Due to temperature dependence and other dry bias effects,
the humidity errors were also taken into account. The results showed that partial water vapor pres-
sure in Egypt varies from 6.43 to 23.19 mb and decreases signiﬁcantly with height. In addition, the
quantity of water vapor pressure above 8 km is negligible. Results showed that, in Egypt zenith wet
delay varies from 66.84 mm to 239.34 mm. It can be concluded that, the best model to predict zenith
wet tropospheric delay for the atmospheric conditions of Egypt is the Saastamoinen model with a
mean error of 11 mm and rms of 3.12 mm.
 2016NationalAuthority forRemote Sensing and Space Sciences. Production and hosting byElsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
The NAVSTAR GPS is an all-weather, space-based naviga-
tion system developed to determine ones position, velocity,
and time accurately in a common reference system on the
Earth. When radio signals propagate through the atmosphere,
they are delayed due to the different refractivity indices of each
layer of the atmosphere. The atmosphere has a signiﬁcant
effect on the propagation of GPS signal. The signal travels
through the ionosphere, which is a region of charged particleswith a large number of free electrons. The delay caused by the
ionosphere is a dispersive delay, meaning that the delay is
dependent upon the frequency of the signal. Because GPS
broadcasts on two separate frequencies, the error can be elim-
inated by taking advantage of combinations of the two sepa-
rate frequency signals.
Unlike the ionosphere, the delay caused by the neutral
atmosphere is non-dispersive, or completely independent on
the signal frequency (for GPS frequencies). The neutral atmo-
sphere consists of the troposphere, tropopause, stratosphere,
and part of the mesosphere. The delays caused by the neutral
atmosphere in the radio signal propagation are mostly due to
the troposphere. However, tropospheric delays can be detected
or eliminated with accurate knowledge of the position of the
GPS antenna and GPS satellite if the GPS applications require
334 S.A.-M. Younesit. The tropospheric delay is measured in distance, and a typi-
cal zenith tropospheric delay would be 2.50 m, meaning that
the troposphere causes a GPS range observation to have an
apparent additional 2.50 m distance between the ground-
based receiver and a satellite at zenith.
The delay caused by the troposphere can be separated into
two main components: the hydrostatic delay and the wet delay
(Saastamoinen, 1972). The hydrostatic delay is caused by the
dry part of gases in the atmosphere, while the wet delay is
caused by highly varying water vapor in the atmosphere. The
hydrostatic delay makes up approximately 90% of the total
tropospheric delay. The hydrostatic delay is entirely dependent
on the atmospheric weather characteristics found in the tropo-
sphere. The hydrostatic delay in the zenith direction is typically
about 2.30 m (Businger et al., 1996). The hydrostatic delay has
a smooth, slowly time-varying characteristic due to its depen-
dence on the variation of surface pressure; it can be modeled
and range corrections applied for more accurate positioning
results using measurements of surface temperature and pres-
sure. However, the wet delay is dependent on water vapor
pressure and is a few centimeters or less in arid regions and
as large as 35 cm in humid regions. The wet delay parameter
is highly variable with space and time, and cannot be modeled
precisely with surface measurements (Bevis et al., 1992).
The study of atmospheric water vapor is important for two
reasons. Firstly, short-term weather forecasting is affected by
the content of water vapor in the atmosphere. Water vapor
is highly variable both in time and space and sudden changes
in water vapor in the atmosphere can result in changes in the
local weather. Water vapor is fundamental to the transfer of
energy in the atmosphere (Rocken and Ware, 1997;
Senanayake, 2013). This transfer of energy often results in
thunderstorms or even more violent atmospheric phenomena.
Secondly, long-term climate changes are reﬂected in water
vapor content.
In this study, in the ﬁrst section, we have compared differ-
ent formulas for surface humidity, vertical proﬁle of humidity
and wet tropospheric delay using 1092 radio soundings to cal-
ibrate which one will predict high accuracy for the atmospheric
conditions of Egypt. In the second section, two data sets of the
study area are presented. In the third section, the distributions
of surface humidity in Egypt at different geographic regions
and at different times of year are investigated. In the fourth
section, the atmospheric models that provide atmospheric
parameters with height are described. Then the different mod-
els which determine the vertical proﬁle of humidity are tested.
In the ﬁfth section wet tropospheric delay correction models
and their application for the atmospheric conditions of Egypt
are presented.
2. Data description
The data used in this research were collected from the Egyp-
tian Meteorological Authority (EMA) as average monthly val-
ues at 2005 (daily meteorology data set from January to
December were collected in all stations and then average
monthly can be determined). These data include maximum
and minimum values for temperature, pressure, and relative
humidity at sea level at ﬁve stations in Egypt (Aswan, Helwan,
Mersa-Matrouh, Al-Arish, and Hurgada). They cover a large
variety of climatic conditions in Egypt, and also includeheights, temperatures, and relative humidity values at 11 levels
of pressure, which are 1000, 850, 700, 600, 500, 400, 300, 250,
200, 150 mb, ranging from sea level to height about 14–15 km.
These data are available for three stations Aswan which repre-
sents southern region, Helwan which represents central region,
and Mersa-Matrouh which represents northern region of
Egypt (near Mediterranean-sea). Fig. 1 shows the stations of
Egyptian Meteorological Authority (EMA), which use differ-
ential GPS radiosonde model M2K2-DC in addition to Radi-
otidotite (RT 20A, Vaisala). These stations provide data about
pressure, temperature, and relative humidity at sea level and at
different levels of pressure.
The data are available in four months for the year (January,
April, July, and October), which represent the worst case (the
worst scenarios of temperature extremes) of the atmosphere
and average data over the year are also presented.
3. Surface humidity in Egypt
The bulk of the vapor in Egypt is formed by evaporation of
water from the surface of the seas and the Nile, the rest comes
from transpiration by plants.
The data used are the monthly mean of temperature in C
and the monthly mean of relative humidity in % at sea level
surface for ﬁve stations. To develop a surface proﬁle for partial
vapor pressure, the next sequence was followed:
Firstly, the suitable formula to estimate the saturation
vapor pressure (es) in mb depending on the temperature will
be investigated.
Secondly, partial vapor pressure (e) in mb was calculated
using the next formula:
e ¼ es  f=100 ð1Þ
where e is partial vapor pressure in mb, es is saturation vapor
pressure in mb, f is relative humidity.
In this section the Teten, Magnus, Buck, Wexler, Bolton,
and Goff–-Gratch formulas for saturation vapor pressure
calculation were evaluated under different temperatureFigure 1 Meteorological stations at Egypt.
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sure content in Egypt.
3.1. Teten’s formula
For a wide range of temperature 50 6 t 6 50, es can be esti-
mated by Teten’s formula (Teten, 1930) as follows:
esðtÞ ¼ 0:611 exp 17:27t
tþ 237:3
 
ð2Þ3.2. Magnus’ formula
For t> 0 C, es were calculated using the following equation
(Murray, 1967):
esðtÞ ¼ 6:11 107:45t=ð237:3þtÞ ð3Þ3.3. Buck’s formula
For t> 0 C, es were calculated by equation (Buck, 1981):
esðtÞ ¼ 6:1121 exp
ð18:678 t
234:5
Þt
257:14þ t
 
ð4Þ3.4. Wexler’s formula
Saturation vapor pressure es were calculated by the most accu-
rate formulation (Eq. (15) Wexler, 1976) as (Wexler, 1976):
esðWexÞ ¼ 0:01 exp½2991:2729T2  6017:0128T1
þ 18:87643854 0:028354721Tþ 0:17838301
 104T2  0:84150417 109T3
þ 0:44412543 1012T4 þ 2:858487 LnT; ð5Þ
where T is the surface temperature in K (T= t in C
+ 273.15).
3.5. Bolton’s formula
The value of saturation vapor pressure es in the pure phase
over a plane surface of pure water is being evaluated in terms
of the general formula proposed by (Bolton, 1980):
es ¼ 6:112 exp½17:67ðT 273:16Þ=ðT 29:66Þ ð6ÞTable 1 Statistics of different formulas to calculate saturation
vapor pressure in mb.
Formulas Teten Magnus Buck Wexler Bolton Goﬀ–
Gratch
Min. 0.023 0.073 0.016 0.027 0.0062 2.771
Max. 0.097 0.372 0.103 0.127 0.085 5.865
Mean 0.060 0.219 0.058 0.077 0.043 4.391
Rms 0.019 0.073 0.019 0.026 0.016 1.3673.6. Goff–Gratch’s formula
For T> 273.16 K, es was calculated by equation (Goff, 1957):
Lg½esðTÞ ¼ a1 373:16
T
 1
 
þ b1Lg 373:16
T
 
þ c1 10d1 1 T373:16ð Þ  1
h i
þ 10f1 373:16T 1ð Þ  1
 
þ Lgðg1Þ; ð7Þ
where a1 = 7.90298, b1 = 5.02808, c1 = 1.3816  107,
d1 = 11.344, e1 = 8.1328  103, f1 = -3.49149,
g1 = 1013.246.Unit for es is mb in the Magnus, Buck, Wexler, Bolton
and Goff–Gratch formulas, and Kpa in Teten’s formula.
Unit for t is in C in the Magnus, Teten and Buck formulas,
and unit for T is in K in the Bolton, Wexler and Goff–
Gratch formula.
Table 1 represents a statistical evaluation of the perfor-
mance of the different formulas used to calculate the satura-
tion vapor pressure by comparing the results with the actual
values obtained from the Egyptian Meteorological Authority.
Both mean values, maximum and minimum values and root
mean square error (rms) of difference between these formulas
and practical observation are provided. Fig. 2 shows the rela-
tionship between the differences of each formula for each
month.
These results showed that the Bolton formula has the best
performance for the atmospheric conditions of Egypt with a
mean error of 0.043 mb with rms of 0.016 mb. The Teten for-
mula is the second best formula with a mean error of 0.06 mb
and rms of 0.019 mb. The Goff–Gratch formula is not suitable
for Egypt conditions and has low accuracy with a mean error
of 4.391 mb and an rms of 1.367 mb, therefore it has been
deleted from Fig. 2. The difference between the Goff–Gratch
formula and actual values is probably due to the high differ-
ence in temperature proﬁle between their values and the con-
stant values of the Goff–Gratch formula is not suitable for
atmospheric conditions of Egypt.
For es, which was determined by Bolton formula, relative
error and average relative error were determined with actually
es from EMA as standard. Regression with zero interception
was also applied, slope of the regression was used to illustrate
to consistency of vapor pressure deﬁcit and reference evapo-
transpiration determined with Bolton formula at those
observed by EMA. Relative error of es by Bolton formula is
ranging from 0.039% to 0.32% and average relative error is
about 0.15% at different stations. Regression with zero inter-
ception indicates that the slope is very close to 1 (1.005), that
means Bolton formula results in acceptable result and shows
high consistency with actual values.
Using Bolton Formula and Eq. (1), partial vapor pressure
at surface in Egypt was calculated in ﬁve stations and for
each month using mean monthly values of temperature and
relative humidity in this stations and results are shown in
Fig. 3.
Results showed that humidity increases from south of
Egypt to the north near the Mediterranean Sea and also
increases toward the Red Sea. Surface partial vapor pressure
in Aswan arrives from min. 6 mb to max. 10.4 mb. But in
Mersa-Matrouh station it varies from 10.25 mb to 24.03 mb
and in Al-Arish station arrives to 25.42 mb. Partial vapor pres-
sure in Egypt increases in summer than in winter, since in Hel-
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Figure 3 Distribution of surface partial vapor pressure in Egypt.
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Figure 2 Difference in saturation humidity in mb calculated by different formulas and actual value for each month.
336 S.A.-M. Youneswan station partial vapor pressure in July arrives to 20.3 mb
and in January 8.47 mb, and in Hurgada station in August
arrives to 16.97 mb and in February 8.54 mb.4. Atmosphere models
The simplest method of modeling the atmosphere is to provide
surface parameters coupled with expressions to describe the
change with height through the atmosphere.
As the primary driving parameters of the tropospheric
delay it is natural that we choose total pressure (P0), tempera-
ture (T0) and water vapor pressure (e0) at the surface. The ver-
tical proﬁle of these parameters can be speciﬁed through the
temperature lapse rate (b) and a parameter that represents
the average decrease in water vapor content (a) (Smith, 1966).
For isothermal layers like tropopause, temperature is con-
stant and the values of pressure with height are found using
the following equation:P ¼ P exp  g/
RdT0
 
: ð8Þ
But for other layers, linear interpolation is used for deter-
mining the temperature values using the formula of constant-
Laps-rate atmosphere, which assumes that the temperature
varies linearly with height (h) (Mendes, 1998):
T ¼ T  bh; ð9Þ
And the formula that represents pressure distribution with
height in this layer is (Mendes, 1998):
P ¼ P T  b/
T
  g
Rdb
; ð10Þ
where P is the pressure at surface in mb, U is geopotential
height in km, b is temperature laps rate K/km, T is the surface
temperature in Kelvin, Rd is gas constant (287.05 J.kg
1.K1)
and g is the surface gravity m/s
2.
Table 2 Statistics of different equations to predict water
vapor pressure (mb) with heights.
Formula Eq. (11) Eq. (12) Eq. (13) Eq. (14) Eq. (15)
Min. 0.114 0.005 0.009 0.006 0.008
Max. 1.634 0.894 0.516 1.419 1.128
Mean 0.887 0.372 0.252 0.441 0.4187
Rms 0.214 0.098 0.067 0.136 0.119
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To calculate numerical integration reference model with sufﬁ-
cient accuracy, the distances between pressure levels have to be
decreased and atmospheric parameter values have to be
extrapolated. Many formulas were suggested to calculate water
vapor pressure with heights depending on water vapor
pressure (e0) at the surface. In this section we develop the
acceptable formula for atmospheric conditions of Egypt by
comparing results of these equations by actual values of water
vapor pressure measured in Helwan station at 27 February
11.37 am. Data received were temperature, pressure, and rela-
tive humidity with heights from sea level to about 16 km every
0.50 km. These equations are:
 Callahan, 1973 assumes a linear temperature lapse rate and
an empirical exponential model of the water vapor pressure
as a function of height:
e ¼ e0 expðaH bH2Þ; ð11Þ
where a= 0.248 km1 and b= 0.048 km2 are nominal
values and H is the height above the surface, in Kilometers. In 1889, a formula that allows to describe the water vapor
pressure distribution with height was obtained based on
observations of Gunn in the Alps (Matveev, 1967):
e ¼ e010H6;3 ¼ e0 expð0; 3655HÞ: ð12Þ In 1900, Zyuring received the formula (Matveev, 1967):
e ¼ e0 10H6H
2
120 ¼ e0 expð0:3838H 0:01919H2Þ ð13Þ Askne and Nordius assumed that the average decrease in
water vapor is assumed to be described by the power law
(Askne and Nordius, 1987):
e ¼ e0 T
T0
  k0g
Rdb
; ð14Þ
and thus we have (Askne and Nordius, 1987 Eq. (14)):
e ¼ e0 P
P0
 kþ1
; ð15Þ
where P0, T0, e0 are pressure, temperature and water vapor
pressure at sea level. P, T, and e are pressure, temperature
and water vapor pressure at heights H in km. b and k are
temperature lapse rate and water vapor lapse rate respec-
tively and presented in table in (Leanardo et al., 2009)
according to different latitudes. For latitude 30
b= 6.05 * 103 ± 0.25 * 103 km1, k= 3.15 ± 0.33 and
k0 = k+ 1.
The results are shown in Table 2 and in Fig. 4.
Eq. (13) has more acceptable results for the atmospheric
conditions of Egypt than other equations. Values of water
vapor content with heights can be calculated by Eq. (13)
with a mean error of 0.252 mb and an rms of 0.067 mb
by comparing with the actual values. Eq. (11) has low accu-racy to calculate water vapor pressure with heights and has
a mean error of 0.887 mb and rms of 0.214 mb. The vertical
proﬁle of humidity in Egypt is accurately presented as in
formula 13, and the small difference may be due to the dif-
ference in temperature proﬁle and is almost certainly within
the moist air in Egypt.
For water vapor pressure determined by Eq. (13) up to
heights 7–8 km, relative error and average relative error
were determined with actually data from EMA as standard.
Regression with zero interception was also applied, slope of
the regression and correlation coefﬁcients were calculated
between the model values against the observation values.
Relative error of vapor pressure by Eq. (13) is ranging from
5.6% to maximum of 24.7% and average relative error is
about 15.43% at different stations mentioned above.
Regression with zero interception indicates that the slope
is very close to 1 (1.102) and correlation coefﬁcients is very
close to 1 (0.976) that means Eq. (13) results in acceptable
result and shows high consistency of with practical values.
Distribution of water vapor pressure with heights in dif-
ferent stations and different times of year was calculated
using Eq. (13) and the results are shown in Fig. 5.
It can be seen from the following ﬁgures that:
 Increasing the values of absolute humidity from south
(Aswan station) to Helwan station and reaches the hig-
hest values in north (Mersa-Matrouh).
 Fig. 5 also shows the following trends: water vapor de-
creases rapidly with height as the atmosphere gets cold-
er. Nearly half the total water in the air is located between
sea level and about 1.5 km above sea level. Less than
5–6% of the water is present above 5 km, and the quan-
tity of water vapor above 8 km is negligible as the partial
vapor pressure is about zero mb at 7–8 km height.
5. Tropospheric model
Various tropospheric models have been developed to represent
the integrated tropospheric delay. Generally, surface
meteorological parameters, such as pressure, temperature,
and humidity are required inputs for these models. The zenith
hydrostatic delay contributes about 90% of the total delay to
the tropospheric delay. Zenith hydrostatic delay models can be
estimated with accuracies better than 1% where the zenith
hydrostatic delay is considered to be a function of the surface
pressure, and in some cases temperature, and hydrostatic equi-
librium is assumed. The zenith wet delay contributes about
10% of the total delay, and the zenith wet delay models have
accuracies of 10–20%. The wet component depends on water
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Figure 4 Differences in partial vapor pressure calculated by different equations against heights.
338 S.A.-M. Younesvapor content, which is highly variable with the space and time
and is difﬁcult to model (Mendes and Langley, 1998). Some
troposphere models are brieﬂy explained below.5.1. Zenith wet delay
Zenith wet delays are affected by the distribution of water
vapor. It is very difﬁcult to derive highly accurate models using
only surface measurements for this component, but it is possi-
ble to estimate zenith wet delays:
dzw ¼ 106
Z 1
H0
K02
e
T
þ K3 e
T2
 
dH; ð16Þ
where H is the height in km, K02 and K3 are empirically deter-
mined coefﬁcients, e stands for the water vapor pressure in mb
and T is the temperature in K.
In this section some approaches for the approximation of
zenith wet delays are given that may serve to predict wet
delays. We compare zenith tropospheric delay resulted from
models to those resulted from numerical integration model
(NIM) to ﬁnd the model which predicts precisely zenith wet
tropospheric delay in Egypt.5.2. Numerical integration model
We calculated wet tropospheric delay by developing Numeri-
cal integration model, which is derived for three different sta-
tions in Egypt (Aswan, Helwan and Mersa-Matrouh) at
different times of year (January, April, July, October and aver-
age data for one year) as follows:
Firstly, we calculated refractivity as it is given with greater
accuracy by Thayer (Thayer, 1974):
Nw ¼ K2 e
T
 
þ K3 e
T2
 
ð17Þ
where e is the partial pressure of water vapor in mb, T is the
absolute temperature in K and Ki are constants empirically
determined, where K2= 64.79 K/mbar, K3= 3.776
* 105 K2/
mbar.Secondly, we used the Simpson’s formula for numerical
integration (Younes, 2012) to calculate the wet tropospheric
delay.
At zenith the refracted path length (S) equal geometric dis-
tance between receiver and satellite (H) and the wet tropo-
spheric delay could be expressed as:-
dzw ¼ 106
R
h
Nw dh;
dzw ¼ 16
Xi¼n2
i¼1
ðH2i H2i2ÞðNw2i2 þNw2i1 þNw2iÞ;
ð18Þ
where, i is the integration node number.
We used the formula in Eq. (18) to determine wet tropo-
spheric delay and integration nodes are distributed equally
from earth surface to 14–15 km height as below:
(1) From surface to 3 km we calculate delay every 50 m
(refractivity every 25 m).
(2) From 3 km to 7 km we calculate delay every 100 m
(refractivity every 50 m).
(3) From 7 km to 10 km we calculate delay every 200 m
(refractivity every 100 m).
(4) From 10 km to 14 km we calculate delay every 400 m
(refractivity every 200 m).
Analysis data received from NIM showed that wet delay in
Egypt varies from 66.84 mm to 223.34 mm. Wet tropospheric
delay in Egypt increases from south of Egypt to Cairo region
and increases near the Mediterranean Sea. Also wet delay in
Egypt in summer months is more than other seasons in middle
and north of Egypt but in Upper Egypt max. Wet delay value
is measured in autumn months. Maximum wet delay value in
Aswan station was 103.11 mm in October and in Helwan sta-
tion is 209.58 mm in July but in Mersa-Matrouh station is
239.34 mm in July.
5.3. Wet delay models
5.3.1. Saastamoinen’s model
In the zenith wet delay model, Saastamoinen assumed that
there is a linear decrease in temperature with height, and that
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Figure 5 Vertical distribution of water vapor pressure in Egypt.
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1972). The variation of the water vapor pressure e is expressed
by the following expression:
e ¼ e0 T
T0
  Vg
Rd/
where e0 is the water vapor pressure at the surface of the Earth,
V is the numerical coefﬁcient to be determined from local
observations, Rd is the speciﬁc dry gas constant, T0 is the tem-
perature at the surface of the Earth, T is the temperature indegrees Kelvin, a is the lapse rate of temperature, and g is
the acceleration due to gravity.
Saastamoinen gave the expression for the zenith wet delay
model using the refractivity constant of Essen and Froome
(Thayer, 1974) and for mid-latitudes and average conditions:
dzw ¼ 0:002277
1255
T0
þ 0:05
 	
e0 ð19Þ5.3.2. Hopfield’s wet delay model
Hopﬁeld gave the expression for the zenith wet delay model
using a quartic atmospheric proﬁle (Hopﬁeld, 1969):
dzw ¼ 106Nwet
Hw
5
ð20Þ
where Nwet is the wet refractivity at the surface, developed by
Smith and Weintraub (Thayer, 1974):
Nwet ¼ 3:73105 e0
T20
;
whereHw is the height of water vapor in the atmosphere in km,
e0 is the partial water vapor pressure at surface in mb, and T0 is
the temperature at surface in K.
5.3.3. Ifadis’s wet delay model
Ifadis (1986) developed the empirical model for the zenith wet
delay based on the fact that there is a linear correlation
between the zenith wet delay and the surface meteorological
parameters. The zenith wet delay model is given by the follow-
ing expression:
dzw ¼ 0:00554 0:880 104ðPs  1000:0Þ þ 0:272
 104es þ 2:771 es
Ts
ð21Þ
here Ps, es and Ts are pressure in mb, water vapor pressure in
mb and temperature in K respectively.
5.3.4. Berman’s model
The Berman model is based on the existence of a strong corre-
lation between the ratios of the wet and zenith hydrostatic
delays and the corresponding refractivity (Berman, 1976):
dzw
dzd
¼ KNw
Nd
where K is a constant and is determined with empirical values.
The zenith wet delay model can be expressed by the following
expression:
dzw ¼ 10:946K
es
Ts
ð22Þ
where K = 0.3224 by Berman.
5.3.5. Mendes’ wet delay model
(Mendes and Langley, 1998) derived a linear relation between
zenith wet delay and partial water vapor pressure e.
dzw ¼ 0:122þ 0:00943  e; ð23Þ
where e is the partial water vapor pressure at surface in mb.
0 
2 
4 
6 
8 
10 
12 
14 
16 
Janury april july october year 
di
ﬀe
re
nc
e 
in
 w
et
 d
el
ay
 (m
m
) 
Time  
Aswan staon 
Saastamoinen Ifadis Berman Callhan Chao Mops 
5 
10 
15 
20 
25 
30 
Janury april july october year 
di
ﬀe
re
nc
e 
in
 w
et
 d
el
ay
 (m
m
) 
Time 
Helwan staon 
Saastamoinen Hopﬁeld Ifadis Berman Callhan Mops 
0 
5 
10 
15 
20 
25 
30 
35 
40 
Janury april july october year 
di
ﬀe
re
nc
e 
in
 w
et
 d
el
ay
 (m
m
) 
Time  
Marsa Matrouh staon 
Saastamoinen Hopﬁeld Ifadis Berman Callhan Mops 
(a)
(b)
(c)
Figure 6 Difference in wet tropospheric delay correction models (mm) with NIM.
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Table 3 Statistics of zenith wet delay correction models (mm) by comparing with NIM.
Models Saast. Hopﬁeld Ifadis Berman Mends Mops Chao Callhan
Min. 4.83 7.78 2.58 8.83 98.79 6.34 2.35 7.08
Max. 16.65 27.58 19.44 35.10 116.56 20.94 54.5 30.57
Mean 11.01 16.14 11.42 16.23 106.82 13.99 12.96 14.78
Rms 3.12 4.59 3.39 4.75 28.59 3.96 5.06 4.25
Table 4 Errors of wet delay values determined by the Saastamoinen model with wet delay derived of NIM.
Station Diﬀerence (mm) Relative error (%) Slope C.C.
Min. Max. Mean SD Min. Max. Average
Aswan 4.83 6.87 5.98 3.02 5.80 8.53 7.03 0.965 0.9987
Helwan 10.47 15.38 12.61 6.37 7.34 10.91 8.95 0.954 0.9981
Marsa matrouh 13.35 16.65 14.41 7.23 6.04 11.43 8.82 0.982 0.9983
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MOPS (Minimum Operational Performance Standards) (1998)
estimates that, the zenith wet delay at zero altitude is calcu-
lated with the following constants: k3 = 382000 K
2 hPa1,
Rd= 287.054 J kg
1 K1, gm = 9.784 m s
2.
dzw ¼
106  k3  Rd
gm  ðkþ 1Þ  b  Rd
 e0
T0
; ð24Þ
where b is the temperature lapse rate in K/m of and k is the
lapse rate of partial vapor pressure in mb/m.
5.3.7. Chao’s model
In 1971, Chao derived a zenith wet delay model based upon the
application of the hydrostatic law to the water, and the ideal
gas law (Chao, 1971). As these assumptions lead to unreason-
able results when compared against the obtained using radio-
sonde data, Chao replaced the ideal gas law equation of
state by the adiabatic law e ¼ kbqbw;
Where b is the speciﬁc heat ratio for water vapor, and
obtained the following expression (Chao, 1971):
dzw ¼ 4:70 102
e1:23s
T2s
þ 1:71 106  e
1:46
s
T3s
/ ð25Þ
a is the temperature lapse rate.
5.3.8. Callhan’s formula
The following simpliﬁed version can be obtained for asset of
nominal values (Callahan, 1973):
dzw ¼
1035es
T2s
ð26Þ
where es and Ts are partial water vapor pressure in mb and
temperature in K respectively.
5.4. Accuracy analysis
The accuracy of zenith wet delays is evaluated in terms of root
mean square (RMS) error, which can be calculated using the
following expression:rms ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i¼1
ðXi  XNIMÞ2
n
s
ð27Þ
where Xi is the observed value, XNIM is the truth value; and n is
the number of observations (Arun Patel et al., 2016, Eq. (3)).
6. Results and discussion
We calculate wet tropospheric delay using these models and
compare the results with resulted wet delay from numerical
integration model (NIM). The difference is shown in the next
ﬁgures and table.
By analyzing these results, it can be seen that the Mendes
model presents very low accuracy in zenith wet tropospheric
delay prediction for all geographic condition in Egypt. Mean
error difference of the Mendes model and NIM is about
106.82 mm with rms of 28.59 mm for average data over Egypt,
so values of Mendes model were deleted from Fig. 6. This dif-
ference is probably due to the high difference in temperature
proﬁles between the Mendes model and the observed values.
The difference is almost certainly within the inherent uncer-
tainly of the moist air in Egypt.
In Aswan station, the Ifadis model is the best model to pre-
dict wet delay but for Helwan station and Mersa-Matrouh sta-
tion, the Saastamoinen model has the best accuracy to predict
zenith wet tropospheric delay.
From the result of Table 3 it can be seen that, the mean dif-
ference of the Saastamoinen model and NIM is 11.01 mm with
rms 3.12 mm and the second best solution is the Ifadis model
with the mean difference 11.42 mm and rms 3.39 mm. The
Hopﬁeld model is not recommended for atmospheric condi-
tions of Egypt, since its mean error difference with NIM is
about 16.14 mm with rms 4.59 mm.
From results of Fig. 6, the difference values can be seen
increasing between different models and NIM of wet tropo-
spheric delay in summer with increasing temperature but in
winter these differences decrease with decreasing temperature
values.
For wet delay values determined by the Saastamoinen
model, relative error and average relative error were deter-
mined with wet delay by NIM as standard. Also, standard
deviation (SD) and mean values for wet delay values were
342 S.A.-M. Younescalculated. Regression with zero interception was also applied,
slope of the regression was used to illustrate the consistency of
wet delay determined with the Saastamoinen model to those
determined by NIM and also it’s coefﬁcient of correlation
(C.C.) were determined. Results are tabulated in Table 4.
Taking results by NIM as standard, wet delay estimated by
the Saastamoinen model were evaluated with different times at
three stations in Egypt. The Saastamoinen model performs
quiet well, showing high consistency with NIM. Relative error
of the Saastamoinen model is about from 5.80% at Aswan sta-
tion to 11.43% at Mersa-Matrouh station and average relative
error is less than 9%. Regression zero interception indicates
that the slope is very close to 1 from 0.954 to 0.983 and also
coefﬁcient correlation arrives to 1 that means the Saasta-
moinen model gives acceptable result and shows high consis-
tency with NIM in determining wet delay value in Egypt.
7. Conclusion
In this research not only horizontal distribution of surface
humidity in Egypt was studied, but also vertical proﬁle of
water vapor. By analyzing data used in this study, it can be
seen that humidity increases toward the north near the
Mediterranean Sea and arrives 24.03 mb. Water vapor
pressure also tends to decrease with height, from an average
value of about 15–20 mb at the surface level to 0.25–0.36 mb
at 400 mb level of pressure (	7 km).
In addition, it can be concluded that for atmospheric con-
ditions of Egypt, the Saastamoinen model shows acceptable
result and shows high consistency with NIM in determination
wet delay values in Egypt with difference values less than
15.0 mm and standard deviation no more 7.23 mm. Average
relative error of the Saastamoinen model by comparing with
NIM is less than 9% and slope regression is very close to 1.
So, the Saastamoinen model is recommended for prediction
of tropospheric wet delay in Egypt and the second best
solution is the Ifadis model. The Hopﬁeld model isn’t
recommended for calculating zenith wet delay in Egypt and
the Mendes model shows very low accuracy for the atmo-
spheric conditions of Egypt.
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